LaFe 13Ϫx Si x compounds with xϭ2.4, 2.6, and 2.8 have been carefully prepared and characterized. X-ray powder diffraction patterns confirm that the samples crystallize in a single NaZn 13 -type phase. Magnetic measurements were carried out in a SQUID magnetometer. The Curie temperature T c of LaFe 13Ϫx Si x samples decreases nearly 50 K with x increasing from 2.4 to 2.8. Around T c the samples exhibit a typical second-order phase transition; and no trace of first-order itinerant electron metamagnetic transition is found. So it is reliable to characterize the magnetic entropy change around T c using magnetic measurement. The maximum values of the magnetic entropy change of LaFe 13Ϫx Si x samples are found to be, at their Curie temperatures, 5.85, 5.9, and 3.7 J/kg.K for x ϭ2.4, 2.6, and 2.8 under a field change of 5 T ͑0-5 T͒. For the quite large magnetic entropy change over a wide temperature range, LaFe 13Ϫx Si x compounds appear, therefore, to be a potential material candidate for magnetic cooling.
INTRODUCTION
Magnetic refrigeration, which takes advantage of the magnetic entropy difference between magnetized and demagnetized states of the working material, has long been considered as a high efficient, energy-saving and clean method for cooling. The magnetic entropy change of some paramagnetic salts has been exploited for magnetic refrigeration at low temperatures. 1 However, above 20 K, their magnetic entropy changes are not sufficient for efficient cooling. To achieve a large enough cooling power, magnetic entropy change in ordered magnetic materials near the ordering temperature has to be considered. Much effort has been made in searching for suitable magnetic ordered materials with large magnetic entropy change. Considerable large magnetic entropy change has been found in some magnetic materials, such as Gd, Our recent work suggests that LaFe 13Ϫx Si x , a NaZn 13 -type compound could be a good material candidate for the magnetic refrigerant. 9 Based on previous investigations, 10 the cubic LaFe 13Ϫx Si x compounds have a large magnetization and a sharp temperature dependence at the Curie temperature and they are good soft magnets due to the cubic symmetry and nonmagnetic La ions. All these facts favor the existence of a large and reversible magnetic entropy change in LaFe 13Ϫx Si x . It is well known that the Curie temperature of LaFe 13Ϫx Si x can be easily tuned by modifying x. So it is reasonable to consider LaFe 13Ϫx Si x to be a potential material candidate as a magnetic refrigerant over a broad temperature range.
Recently a first-order transition, itinerant electron metamagnetic ͑IEM͒ transition, together with a large magnetovolume effect were found in LaFe 13Ϫx Si x compounds with small x just above T c . 11 Their influence on the magnetic entropy change in LaFe 13Ϫx Si x compounds with small x were also studied. 12 Though the values of the magnetic entropy change determined by magnetic measurements are quiet large in LaFe 13Ϫx Si x compounds with small x values, the first-order IEM transition and the large magnetovolume effect might cause complication to its application due to the magnetic field and temperature irreversibility.
In this paper, the results on the magnetic properties and magnetic entropy change of LaFe 13Ϫx Si x compounds with larger x are presented. No trace of first order IEM transition is found in our samples and the LaFe 13Ϫx Si x compounds show a quite large magnetic entropy change over a wide temperature range.
EXPERIMENT
LaFe 13Ϫx Si x ͑xϭ2.4, 2.6, and 2.8͒ compounds were prepared by arc melting appropriate amount of raw materials with a purity of 99.9% in an Ar gas atmosphere, and subsequent annealing at 1000°C in vacuum for 1 month, followed by quenching in water. The structure of the samples was determined by x-ray powder diffraction. The magnetization measurements were carried out by using a commercial SQUID magnetometer. Magnetic entropy change was calculated using the isothermal magnetization data. Figure 1 shows the x-ray diffraction patterns of the three samples. It is confirmed that all the three samples crystallize in a single phase of the NaZn 13 Figure 2 shows the temperature dependence of the magnetization of the samples measured on heating and cooling in a magnetic field of 100 Oe ͑e.g., the ZFC-FC magnetization͒. The Curie temperature T c of the three samples is about 247, 248, and 195 K for LaFe 13Ϫx Si x with xϭ2.4, 2.6, and 2.8. It is evident that the temperature dependent magnetization is completely temperature-reversible at the transition points, which is a characteristic of a second-order transition. Hysteresis loops were measured at 5 K. All the three samples have a very small coercive field (Ͻ50 Oe) and a low ratio of remnant magnetization to saturation magnetization (Ͻ5%), indicating that the samples are simple ferromagnets, and soft enough for application as magnetic refrigerants. Figure 3 shows the isothermal magnetization curves of the three samples measured over a wide temperature range. The temperature varies from 150 K to 300 K for LaFe 13Ϫx Si x with xϭ2.4 and 2.6, and from 100 K to 250 K for LaFe 13Ϫx Si x with xϭ2.8, with a interval of 5 K. The sweep rate of the magnetic field is slow enough for the M-H curves to be isothermal. The values of magnetization of LaFe 13Ϫx Si x with xϭ2.4, 2.6, and 2.8 saturate smoothly below T c , and above T c show a linear dependence on the magnetic field. No curvature induced by IEM transition is found. 11 The saturation magnetization of LaFe 13Ϫx Si x decreases nearly linear with the increasing x. This can be explained within the rigidband model.
RESULTS AND DISCUSSION
According to thermodynamics principles, 13 the magnetic entropy change for an isobaric-isothermal process can be described with one of the Maxwell relations, as
.
͑1͒
For magnetization measured at discrete field and temperature intervals, the magnetic entropy change can be calculated approximately using following formula:
where M i and M iϩ1 are the magnetization measured at temperatures T i and T iϩ1 in a field H, respectively. Magnetic entropy change of the three samples was calculated using formula ͑2͒ and the data presented in Fig. 3 . Figure 4 shows the magnetic entropy change of the three samples as a function of temperature under a field change of 5 T ͑0-5 T͒. The maximum magnetic entropy change just appears at their T c for all the three samples, and reaches 5.85, 5.9, and 3.7 J/kg.K for LaFe 13Ϫx Si x with xϭ2.4, 2.6, and 2.8 respectively.
In summary, large magnetic entropy changes have been found in LaFe 13Ϫx Si x compounds with xϭ2.4, 2.6, and 2.8 over a wide temperature range. Since the magnetic entropy change in the compounds of LaFe 13Ϫx Si x (2.4рxр2.8) is totally due to the second-order phase transition at the Curie temperatures, the complication caused by the field or ͑and͒ temperature irreversibility in the applications of magnetic cooling will be minimum.
